o~

DEVELOPMENT OF AN ENERGY DISSIPATION SYSTEM
BASED ON METAL EXTRUSION

By Herbert Kartluke and Philip G. Luckhardt

GPO PRICE $

e

CFSTI PRICE(S) $

November 1966

Hard copy (HC)

Microfiche (MF}

YA

%6563 July 65

Prepared under Contract No. NASW-1185 by
TECHNIDYNE INCORPORATED

West Chester, Pennsylvania

Langley Research Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

67 16773
e A
‘ QuS120]  TEoan

CATEGIRY)



T g ¥ b~

e ——

DEVELOPMENT OF AN ENERGY DISSIPATION SYSTEM
BASED ON METAL EXTRUSION

By Herbert Kartluke and Philip G. Luckhardt

November 1966

Prepared under Contract No. NASW-1185 by
TECHNIDYNE INCORPORATED

West Chester, Pennsylvania

Langley Research Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION



ABSTRACT

An energy dissipation system based upon the inverse extrusion process
was developed, with aluminum billets serving as the working medium. The
resulting "shock strut," a tubular telescoping mechanism, was evolved by
comparative evaluation of deceleration profile characteristics experienced
in absorbing the kinetic energy of a falling body.

Suitable shock strut designs utilizing aluminum billets of about 1.5
cubic inches were tested at impact velocities up to L0 feet per second with
dropped weights exceeding LOO pounds. It was found that deceleration levels
not exceeding 20 g's were within the system capability. Further development
could result in even further decreases in deceleration levels. In a given
system, the deeceleration level varies inversely with the dropped weight and
is essentially independent of impact velocity. The best system consistently
exceeded 60,000 foot-pounds of energy absorbed per pound of aluminum actually
expended. Shock strut design involves a trade-off between the acceptable
peak "g" level, the overall length, and the energy absorption efficiency.
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INTRCDUCTION

Consideration given in recent years to methods for absorbing the kinetie
energy of decelerating vehicles has indicated that high energy-absorption ac-
companies the plastic deformation of metals. Another energy absorption prin-
ciple, that of friction, is considered to have the greatest potential of any
method of energy absorption /I7. Among various collapsible structures inves-
tigated for the landing of space vehicles, the frangible tube, utilizing such
principles in undefined relation, is reported to have demonstrated a higher
energy absorption capability than any deceleration system yet investigated./3/

Under Contract NASW-1185, the National Aercnautics and Space Admini-
stration authorized Technidyne Incorporated to investigate an energy-absorption
vehicular landing system based on the inverted extrusion of metals.

Direct extrusion involves a process wherein a metal billet is forced
through a container by a ram and is extruded through a die at the end remote
from the ram. Inverted extrusion is a process wherein the billet is fixed
within the contalner, and the head of the ram becomes the die.

In direct extrusion processes, the total extrusion force varies appreci-
ably due to the changing friction between the moving billet and the container
wall. . In inverted extrusion, the total extrusion force is constant with
travel, due to the elimination of friction between billet and container wall.
Whereas in direect extrusion processes it is usually desirable to minimize
frictional forces between the extruding billet and the die orifice and ecylin~
der walls, in this indirect application such interfacial friection contributes
to energy absorption and should be maximized since the concern is with con-
trolled, rather than rapid extrusion rate.

The deceleration system devised to apply such an extrusion principle is
a tubular telescoping mechanism, the operation of which can be briefly des-
cribed as follows: At impact, the movable (inside) tubular ram thrusts the
die in contact with the fixed billet, deceleration being then coincident
with the extrusion of billet metal through the die into the ram cavity.

In addition to the advantages of low cost, simplicity of actuation, and
a potential saving in weight, this system is not limited by the tensile
strength of the shock-absorbing member as is the frangible tube, and, im-
portantly, it promises control of the deceleration rate through variation
in the geometry of the billet and of the die, and/or through variation of
the physical properties of the billet.

1 Esgar, J. B., "Survey of Energy-Asborption Devices for Soft Landing of
Space Vehicles", NASA Technical Note D-1308, National Aeronautics and
Space Administration, Washington, June 1962,




Scope of Investigation

The aims of this work have been to acquire engineering information on
the potential of the extrusion energy absorber and to ascertain the approxi-
mate requirements of a system offering the most efficient energy absorption
and deceleration control.

Specifically, the object of such an energy dissipation system 1is to
provide a landing within the deceleration and deceleration-onset rate limi-
tations dictated by the landing structure and its contents. The maximum
permissible deceleration depends on such factors as the structural strength
of the vehicle, whether it is manned or unmanned, instrumentation limita-
tions, etc. It has been stated /I/ that for a manned vehicle, the maximum
g-load should preferably be of the order of L to 8 g's, although in some
applications decelerations up to 35 g's are permissible. A wider rangs of
decelerations may be allowed for unmanned vehicles. Less information 1s
available concerning the deceleration-onset rate, although it is postulated
£i7 that man may be able to withstand up to 1500 g's per second.

Within the above limitations, the specific requirements of a landing
system depend upon the total vehiecle weight, the travel distance during de-
celeration, and the velocity at deceleration onset. For this work inveolving
metal extrusion energy absorbers, weights up to a maximum of 500 pounds and
free falls from a maximum of 25 feet, providing a terminal velocity of ap-
proximately LO feet per second, embraced the operational ranges of interest.

The development included the design and assembly of a drop-test rig,
three shock struts, and instrumentation to record the performance of the
system. Extrusion arrays were tested to determine (a) deceleration profile
(inecluding peak g-loading), and (b) energy absorption efficiency (total
energy sbsorbed per unit weight of the absorbing system). Data were com-
piled to permit the design of absorbers which will meet potential combi-
nations of pesk g-load and absorption per unit weight criteria.

Theoretical Considerations

The relationships of the significant variables of the energy-absorbing
system are expressed by classical falling body, force and work-energy egua-
tions and by an empirically-determined equation for extrusion force:

2 2
Falling Body 8 = - = & S (1)
2g 2
a = 2. 258
2s of (2)




‘ o = /28 (3)

v = /2¢gs (L)

Force

F = YA In Al/AQ_ (5)
F = ma (6)

Derived Extrusion Factor

ma

g = )
Y Al 1n Ay/Ap
Work Energy
m v
F1 = mgs =3 (8)
. where s = drop height
v = terminal velocity after free fall
g = acceleration due to gravity
a = average deceleration
® = deceleration time
F = force required for deceleration
g = extrusion factor
Y = yield strength of extrusion material
Ay = Dbillet cross-sectional area
A, = orifice cross-sectional area
m = mass of the load
1 = distance of ram travel

In evaluating inverted extrusion as an energy absorption process accord-
ing to the foregoing relationships, the following variables affecting the
equation input were considered:

2 Developed from an equation presented in C. E. Pearson and R. N. Parkins,
The Extrusion of Metals, John Wiley & Sons, Inc., New York, 1960.




Billet: Physical properties of material (hardness and yield
strength), diameter, cross section, length, and
temperature.

Orifice Ring: Entry angle, and ratio of entry area to exit area (die
area ratio; with solid billets, this is equivalent to
the extrusion ratio).

Overall System: Total weight (affecting length and wall thickness of
strut components), height of drop (terminal velocity),
system temperature, and frictional losses.

Evaluation of Absorber Characteristics

The various extrusion systems developed were evaluated in an effort to
establish geometries and extrusion materials to provide acceptable decelera-
tion rates and efficient energy absorption for various intended purposes.
The two preferred conditions--minimum deceleration level and high-energy
absorption efficiency--must be "traded off" in the design of any particular
system. Generally high energy absorption efficiencies were found to corre-
spond with high mode g-levels, and the converse. In some situations it may
be desirable to minimize absorption system weight and attach secondary im-
portance to the g-levels developed during impact; in this case a system ex-
hibiting higher sbsorption efficiency may be demanded. In other cases, the
primary concern may to be minimize g-levels, with system weight and absorp-
tion efficiency being of lesser import.

Deceleration Profile. - In evaluating performance of a given system,
the deceleration profile (deceleration vs. time) is of importance. An
idealized profile is shown by the solid lines in Figure 1. Actual shock-
absorbing systems usually produce results varying to some degree from this
idealized pattern. In some instances, there may be a peak at the onset of
deceleration, as shown by the dotted line, or the deceleration may rise
Just prior to the end of the event, or other variations may occur. In this

work, effort was directed toward a pattern approximating the ideallzed
eurvs.

From fundamental prineiples of integration, the area under the curve is
equivalent to the terminal velocity of the impacting load. Average decelera-
tion can be determined by integrating this area and dividing by the length
of the base line. The area under the curve is in g-seconds; thus division
by the base line (seconds) will yield average deceleration in g's.

As used herein, the term "average" is applied when the above determina-
tion is made; the term "mode" is used to indicate the most frequently occur-
ring deceleration level (i.e., the plateau level of the profile).




Deceleration

Onset Rate Offset Rate

Time After Impact
Figure 1

DECELERATION PR(FILE

Energy Absorption Efficiency. - Another significant parameter is the
energy absorption efficiency or the ratio of energy absorbed to the weight
of material used in the absorption process. An efficiency value of 30,000
foot-pounds absorbed per pound of absorbing material actually utilized is
sald to be representative of the performance of the best systems currently
available /I, 3/.

The energy absorbed by the extrusion sheck strut is the weight of the
loaded drop box multiplied by the height of the drop; the weight of the ma- -
terial used is computed as the weight of the material extruded. For example,
if the weight of the extruded billet material is 0.09 pound after a 10-foot’
drop with a load weight of 270 pounds, the ratio of energy absorbed to ab-
sorbent material weight would be expressed:

_ (270 1b) (10 ft)
(0.09 1b)

= 30,000 foot-pounds per pound.

3 McGehee, J. R., "Experimental Investigation of Parameters and Materials
for Fragmenting-Tube Energy Absorption Process,"” NASA Technical Note
D3268, National Aeronautics and Space Administration, February 1955,
pl ;6.




EQUIPMENT

The basic array of equipment necessary for accomplishing the experimen-
tal objectives inecluded the dropping apparatus, the shock strut, and the
instrumentation.

DROPPING APPARATUS

The dropping apparatus, shown in Figure 2, consisted of a 35-foot length
of 10 inch, wide-flange "I" beam anchored in a concrete pad. Brackets were
welded to the top of the beam to support a 1/2-ton electric hoist. Figure
is a photograph of the apparatus ready for a test drop, with the first pre-~
liminary strut in position.

The beam was mounted at an angle of 5° from the perpendicular, with the
upper end supported by a steel catwalk comnecting the second floors of ad-
jacent buildings. The weight box could thus roll down the length of the beam
and maintain contact by means of a second set of rollers on the underside of
the flange. A set of rollers riding on the edges of the flange prevented
sideward motion.

The shock-strut assembly was bolted to the bottom of the weight bex on
the ground. The welght box was gripped by the jaws of the release mecha-
nism and hoisted up the beam as far as desired and then released. Ralsing
the box to its highest position provided a maximum free fall of 25 feet.

The impact plate was set in mortar at an angle of 5 degrees to horizon-
tal to provide perpendicular contact. Oblique landings were made by using a
second impact plate supported at an angle of 13 degrees to the perpendlcular
of the line of descent of the weight box.

SHOCK STRUTS

The basic design of the shock strut, or inverted extruder assembly, is
shown schematically in Figure 4. It consists of a mounting block (1) which
is bolted to the bottom of the weight box and into which is threaded a
length of steel tubing (2) which serves as the container for the extrusion
billet (3). When the billet has been placed in the container, an orifice
ring (L4) is put in place and the tubular ram (5) is inserted into the con-
tainer. A plug closes the end of the ram.
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Figure 3
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Three strut designs were employed, two of these being preliminary
struts used in establishing design criteria for the third strut--the ulti- )
mate test apparatus of this program. Following conservative design prac-
tice, the components for the first preliminary strut were constructed with
relatively large cross-sections and thick walls. The second-preliminary -
strut was characterized by greater length and smaller cross section, but
was also thick-walled. During experimentation with these two struts, it
was determined that the weight of the assembly could be reduced without
sacrificing operating performance by the use of a short, thin-walled strut
of small cross-sectional area, and such was the design of the third strut.
Comparative dimensions of the three struts, are shown in Table I. In
Table IT weights of the components and total systems are compiled.

In each design, the billet container and the ram were fabricated from
commercially available L4130 seamless steel tubing. Single-material billets
were fabricated from lead and aluminum. Compound billets were assembled in
two designs: The first provided radial change in material properties by
using aluminum annular sections with titanium tubular inserts, and the
second provided axial change in properties, using axially-sequenced aluminum
washers of varying hardness.

One of the major factors determining the force required for extrusion
is the ratio d12/dp? (see Figure L), since this establishes the diametral
reduction. Numerous orifice rings of differing inside diameter were employed
throughout these experiments, All were of hardened DBL stesl, as were the
end caps of the rams.

INSTRUMENTATION

The major instrumentation system required was for the measurement of
deceleration-related factors; additional instruments were used for special
temperature and stress determinations.

Deceleration Measurement

Two instrumentation concepts were used for determination of load de-
celeration: (1) graphical derivation from high-speed photography of the
impact event and (2) direct measurement using accelerometers mounted on the
shock strut assembly. Ancillary instrumentation was used for détermining
load velocity before impact and fer triggering oscilloscope and camera.

10




Table T

SHOCK-STRUT DIMENSICONS

Strut 1 Strut 2 Strut 3
Container (inches) (inches) (inches)
Length (Approx.) ' 12 L8 10
Outside Diameter 3,528 2,500 1.500
Inside Diameter 2.1480 1.595 1.130
Wall Thickness (Approx.) 0.52} 0.452 0.185
Ram
Length (Apprex.) 13 L8 8
Outside Diameter 2.48 1.595 1.125
Inside Diameter 2.365 1.382 1.027
Wall Thickness 0.055 0.105 0.0L49
Table II
WEIGHTS OF THE THREE STRUT SYSTEMS
Strut 1 Strut 2 Strut 3
(13-inch ram  (L8-inch ram (8-inch ram
Components length) length) length)
Weight Box 259 1b 259 1b 259 1b
Container 16 1b 38 1b, L oz 2 1b, 8 oz
Ram 5 1b 7 1b, 1 oz 12 oz
Adapter Plate 9 1b, 9 oz 9 1b, 9 o= 9 1b, 9 oz
Hardware 11b, 3 oz 11b, 3 oz 1 1b, 3 oz
Billet, Lead 9 1b L 1b, 7 oz
Billet, Aluminum 21b, 1 oz 11b, L oz
TOTAL, LEAD BILLET 299 1b, 12 oz 319 1b, 8 oz
TOTAL, ALUMINUM
BILLET 317 1b, 2 oz 27L4 1b, L o3z

11



High-Speed Photography. - During much of the program, the descent of the
strut was recorded by a high~speed motion picture camera as follows: The
shock strut assembly and the steel landing plate were painted with black
paint. White reflecting scotch tape was applied to the front edge of the
landing plate and to the end of the shock strut ram. A strip of the tape
was applied to the bottom end of the container, and a second strip was care-
fully applied to the container at an accurately measured distance from the
bottom strip. The high-speed camers was set up so that its vertiesl field
of view ineluded the white strip on the landing plats and both container
strips when the falling strut was at least 6 inches above the landing plate.
The camera was mounted on its side so the film would be drawn through hori-
zontally.

With this arrangement, when the film was projected on a screen, the
three taped areas appeared as black lines on a white background (or the
reverse, depending upon whether negative or reversal film was used). The
line on the landing plate established a zero reference, while the two
strips on the container established a fixed distance reference for distance
secaling purposes; & time reference was cbtained by exposing the edge of the
film to a 120-eps timing light.

To obtain data from a film, it was necessary to mark only the center
of each timing pip so that it would appear on the projection secreen, and
to run the film through a slow-spsed analyzer projector.

Figure 5 shows the "Fastax" camera mounted on the ringstand, sighting
on the impact zone. The camera power supply appears at the base of the
stand.

Accelerometric. - At the start of the experimental program, an atdempt
was made to use & standard quartz accelerometer (Kistler Instrument Corpo-
ration, Model 828A) to obtain decereration data. This instrument proved to
be unsatisfactory due to saturation of its electrical circuitry and it was
necessary to employ the high-speed photographic method for data acquisition.

Later in the program a newly-developed instrument called the "Piezotron"*
became available. Tests with this instrument demonstrated satisfactory per-
formance and it was used in 8ll experiments with the final apparatus.

The basic circuit diagram and hook-up of the "Pilezotron" are shown in
Figure 6. This instrument was designed to be nonsaturable and to give
linear response up to + 250 g's at 10 millivolts output per g. Figure 7 is
a photograph of filter, coupler, and accelerometer.

# "Plezotron", Accelerometer Model 818, Coupler Model 548B, and Filter Model
SLLAS, Kistler Instrument Corporation, Clarence, N. Y.

12
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Figure 5

INSTRUMENTATION FOR PHOTOGRAPHIC RECORD COF STRUT DESCENT
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Figure 7

"PIEZOTRON" FILTER, COUPLER AND ACCELEROMETER
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Figure 8

OSCILLOSCOPE AND POLAROID CAMERA
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The "Piezotron" was mounted on the base plate of the weight box. Although
the use of the filter gave a reasonably nolse-free output signal, premature
disarming of the oscilloscope trigger by random nolse (and consequent loss of
the event record) had to be eliminated by using an isolated d-c pulse to trig-
ger the oscilloscope about 2 milliseconds before impact.

The oscilloscope trace was recorded on Polaroid film and later rephoto-

graphed by conventional methods for reproduction. The oscilloscope and Polaroid

camera are shown in Figure 8.

Ancillary Instrumentation. - Triggering of the oscilloscope for accel-
erometer measurements was accomplished by use of a microswitch mounted on the
"I" beam of the drop tower at a height of from 1/2 inech to 2 inches above the
position at impact of an arm mounted on the weight box. Descent of the box
brought the arm into contact with the microswitch actuator arm, c¢losing the
switch and initiating sweep of the oscilloscope trace approximately 2 milli-
seconds before impact.

In the photographic method, the start of operation of the high-speed
camera was actuated by the same switching operation.

Temperature Measurement

Measurement of temperatures developed during impact were made with
small-gage Chromel-Alumel thermocouples inserted in a well drilled in the
billet and held in place by cement. The hole was of a size such that, upon
extrusion, the deformation of the metal would insure intimate contact with
the thermocouple. The output voltage was recorded on a strip chart.

Stress Measurement

For measurement of hoop stresses in the billet contalner, bonded wire
strain gages were mounted on the ocutside of the container at the center of
the billet area. Outputs of the gages were recorded on a strip chart.
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SHOCK STRUT DEVELOPMENT

The two provisional struts previously described were tested against
prier theory to establish criteria for the third test apparatus. Data
acquired in these initial studies were not in all cases conclusive, but
contributed to the design of the final apparatus.

PRELIMINARY STRUT NO. 1

The first preliminary strut (Table I) had a billet container ID of
approximately 2.5 inches and an orifice ring ID of approximately 2.25 inches,
effecting a die area ratio of 1.25:1. Using lead billets, experiments were
conducted to evaluate the effects of orifice angle and billet geometry on
energy absorption and deceleration.

Orifice Entry Angle

Orifice entry angle is defined as the apex angle of the ¢ene formed by
the working surface of the orifice ring. Orifiee design for the first strut
was influenced by preliminary deceleration tests conducted with small-scale
devices to obtain infermation on extrusion process varlables invelved in the
absorption of impaect energy.

The characteristics of the small-scale devlice were:

Al = 0,307 square inches
A, = 0.101 square inches
Ay /Ay = 3.05

L = 1.75 inches

m o= 207 pounds
g

Y = 1780 pounds per square inch
Extrusion material = lead
The drop and the deceleration characterlstics were measured with a

high-speed Waddell camera sighting directly on the zone of impact. Data
from a typical run are plotted in Figure 9.
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These data permitted evaluation of the extrusion factor ¢ in the design
equation (5). In Figure 9, the average deceleration is approximately
2,25 x 10k cm/secz, or approximately 23 g's. Since the mass being decel-
erated was 207 pounds, the extrusion force is

F = (207) (23) = 4761 pounds.

This value of F can be substituted in equation (7), along with the known
values of Y, A7, and Ap, and the equation solved for @:

) 4761
9 = (T780) (06.307) 1n (3.00)

This value of @ is considerably higher than the value of approximately
1.5 obtained under ideal extrusion conditions, and indicates that the process
was inefficient from an extrusion standpoint due to the nozzle design and the
speed of extrusion. These factors, however, were advantageous from the stand-
point of energy dissipation.

7.76.

Teble III shows extrusion factor values as a function of four die entry
angles, computed from equation (5).

Table IIT

EFFECT OF ORIFICE ENTRY ANGLE ON
EXTRUSION FACTOR, SMALL-SCALE STRUT

Orifice Entry Mean Extrusion
Angle Deceleration Factor
(deg) (g) g

60 32,7 5.15
90 L6.6 7.35
120 50.2 7.90
180 5h.7 8.65

On the basis of these initisl small-scale tests, a set of orifice rings
for the first test strut was made with ineluded entry angles of 120, 90, and
60 degrees, in order that the character of the initial extrusion forece might
be varied. Sketches of the cross sections of the four dies are shown in
Figure 10. Test results with these rings were compared with those with the
180-degree ring in evaluating the effect of orifice angle on initial impact
peak deceleration and on average deceleration.
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ORIFICE RINGS AND ENTRY ANGLES, STRUT DESIGN NO. 1

The decelsration peak produced by initial impact proved to be markedly
changed by variation of the entry angle. Due to the rapid rise time, it was
difficult to obtain data in the initial impact zons, since the oscilloscope
trace moved so rapidly that the film was not heavily exposed. However, the
data indicated that the sharp onset peak produced by the 180-degree die was
considerably softened as the entry angle was reduced. This finding was of
significance in the final design, in which the initial impact was reduced
and the deceleration maintained nearly constant until all the energy was
dissipated.

To determine the effect of orifice angle on average deceleraticn, a
series of 5-foot test drops was made in which the change in deceleration
produced by different entry angles was compared to that produced by the
180-degree shear ring. The data are summarized in Table IV, and a plot
of average values is shown in Figure 11. For these data:

= 311.5 pounds
g = mean deceleration for an orifice
Y = 1.78 x 103 psi (for lead)

A7 = L.91 square inches
Ay/Ay = 1.25
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Table IV

EFFECT (F ORIFICE ENTRY ANGLE ON AVERAGE DECELERATION:
STRUT DESIGN NO, 1

Material Extruded: Lead
Free-fall Distance: 5 feet
Extrusion Ratio: 1.25:1

Orifice Ram Average Average Mean Valune
Test Angle Travel Deceleration Deceleration For Orifice
_No. _igggl_ (feet) (5) (msec) - (59

7 60 0.156 32,0 17.5

8 0.156 32.0 17.5

9 0.166 .1 18.6 32.7
10 0.151 33.1 17.0
11 0.136 36.8 15.2
12 60 0.156 32.0 17.5
13 90 0.104 48.0 11.7
1k 90 0.109 45.9 12,2 46.6
15 90 0.109 h5.9 12.2 ~
16 120 0.104 L4,8.0 11.7
17 0.098 51.0 10.9 50.2
18 0.104 L48.0 11.7
19 120 0.093 53.8 10.}

20 180 0.10L 18.0 11.7
21 0.078 64.0 8.8 5h.7

22 0.088 56.5 9.9
23 180 0.098 50.5 11.1
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Although both peak and average deceleration are seen to decline with a
deerease in orifice angle, a 60-degree angle was found to represent the mini-
mum permissible for an extrusion ratio of 1.25:1. It was further estab-
lished that the 60-degree ring became warped after each impact and possibly
added an unknown variable to the tests. As compromise betwsen structural
strength and impact softening capability, the 90-degree inecluded angle was
adopted for subsequent use.

Billet Geometry

Having determined the practical limits for the orifice angle, subsequent
investigation involved variation of the billet geometry to reduce initial im-
pact deceleration. Various designe ealeulated to achieve a smoother dis-
tribution of ensrgy absorption were tested.

A solid-nosed lead billet dropped from a height of 5 feet produced the
deceleration curve shown In Figure 12, The initial sharp rise is due,
among other factors, to the energy required to induce flow of the lead
through the orifice. The "tail-off" of the curve represents the absorption
of the remaining energy.

Additional tests were made with bored-end billets, in an effort to
reduce the impact pesk by presenting a smaller mass of metal at the billet
rioge to be indused to flow through the orifice. The nose of a billet was
arbitrarily drilled as shown in Figure 13. A 5-foot test drop yielded the
deceleration curve presented in Figure 1h. The billet produced a gradual
rise in deceleration over a period of 8 milliseconds, compared to a sharp
rise time of 2 milliseconds for the solid billet. The gradunal rise ceased
as soon as the orifice ring reached the end of the bored seectlon of the
billet, The sharp drop following this point represents the absorption of
the remaining energy in inducing extrusion (about 1/16 inch).

Further tests conducted with identical bored-nose billets from heights
of 10, 15, 20, and 25 feet showed lower impact decelerations, particularly
at the higher drops (Figures 15 through 18). The anomalons rise at the end
of the 10 and 15 foot drops is apparently due to mechanical irregularity in
the apparatus.

- Success in obtaining a distribution of the initial impaect energy by
the use of partially bored billets suggested the investigation of the effect
of completely drilled billets, Two initial drops of 5 and 10 feet were made
with a standard lead billet having a 1/Lh-inch hole drilled axially through
its entire length; results are presented in Figures 19 and 20. The sharp
initial and teminal rises in deceleration shown in the curves were not
fully explainable, and further experimentation with drilled-through billets
was carried out later.
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PRELIMINARY STRUT NO, 2

The second preliminary strut, assembled for the purpose of testing
effects of billet length and diameter, was used to continue investigations
in billet geometry and to initiate work with aluminum billets.

The L48-inch container permitted the billet to have a maximum length of
33 inches. The inside diameter of the billet container measured approximately
1.59ninches. With this smaller diameter, a die area ratio of 1.37:1 was ob-
talned by holding the radial thickness at the orifice ring to a practical
minimum.

Billet Studies

For comparison with the data acquired during work with the first strut,
two initiel drop tests were conducted with solid lead billets. The results
of these tests, made from heights of 5 feet and 10 feet, are shown in Figures
21 and 22. The initial deceleration peak was considerably reduced from that
recorded for solid lead billets with the first strut (Figure 12), and a
lowered mode is slso evident. These results were attributed to the reduced
billet diameter, since a smaller mass of lead had to be induced to flow
through the orifice, with less absorption of energy. The altered dle area
ratio, which provided an actual area reduction of 0.70 square inches (com-
pared to 1.17 square inches for the first strut), was also believed to con-
tribute to the reduction of initial impact deceleration. A distribution
of the lower deceleration level over longer time intervals was also char~
acteristiec of the curves in Figures 21 and 22, As in the case of some of
the previous drops with the first strut, the curves exhibited high terminal
peaks of deceleration.

In further studies of the onsdt deceleration spike, 1l-inch billets of
1100-0 fully annealed aluminum were drilled in a manner similar to that used
in earlier tests with lead billets. An attempt was made to proportion the
size of the holes according to the ratio of the yield strengths of lead and
aluminum. The first drilled hole in the billet end could not be made as
large in diameter as was indicated by this yield strength ratio, since some
metal was required for the thermocouple well for temperature measurement.
The drilled pattern, as well as data from a typical 5-foot test drop, is
shown in Figure 23.

This messurement indicated that decelerations in the range of 20 to
60 g's without an impact spike could be obtained with the open-nosed billets.
The curve shows a smooth deceleration over the first 3 milliseconds, followed
by a rapid rise; the smooth deceleration occurred during the passage through

B
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the orifice ring of that part of the billet with the smallest annular area.
The photograph in Figure 23, which shows the cross section of the extruded
part of the billet after removal from the container, reveals the metal pileup
which produced the high deceleration toward the end of the extrusion.

An attempt was made to ease this high deceleration by extending the
large-diameter hole further into the billet, beyond the point of expected
maximum ram travel. As evident in Figure 2, this produced uniform decel-
eration of 26 g's over most of the period. In this case, the rapid terminal
inecrease could not be attributed to metal pileup due to change in hole size,
as in the previous test. No bending or binding of the sliding parts of the
apparatus ocecurred, as evidenced by the ease with which the ram and billet
could be removed from the container.

An explanation offered for the terminal spike was' that work hardening
inereased the yleld strength of the metal during the latter portion of the
extrusion. Microhardness measurements taken on the billets after thelr re-
moval from the container showed a considerable hardness gradient along the
length of the billet. The hardness was maximum in the extruded portion and
diminished with increased distance from the orifice ring.

During the above, measurements were made of the temperature rise pro-
duced within the billets as a result of absorption of impact energy. The
measurements were made wlth fine-wire thermocouples installed in radlal -
holes drilled in the aluminum billets. Only negligible temperature rises
were recorded at the start of extrusion where the greatest rise would be
expected. Temperatures of about LO°F above ambient (30PF) were observed.

Additioenal measurements indicated the effect of billet preheating.
These tests were made with annealed 1100-0 aluminum billets bored through-
out with a 1-1/8-inch hole. Immediately before the drop, the billet tem-
perature was raised to approximately 365°F by employing resistance heating
tape around the billet container; this temperature was selected in order
to reduce the ultimate tensile strength of the billet to approximately
50 percent of its original value at room temperature (13,000 psi). Hard-
ness measurements on the Rockwell "H" scale were made before heating and
again after dropping the heated billet. Typlcal results are presented in
Figure 25.

Component Weight Studies

With the vliew to providing a shock strut assembly of minimum weight,
consideration was given to the required container wall thickness and the
required strut length.
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The container walls of the second preliminery strut were approximately
15/32-inch thick. Hoop stress measurements made during drop tests using
fully annealed aluminum 1100-0 as the billet material indicated peak stresses,
for a 5-foot drop, of less than 300 psi.

The wall thickness of one container was reduced to 3/16 inch so that the
stresses during aluminum extrusion would be increased to a realistic magni-
tude for comperison with the stresses that would be produced in the container
by a fluid under pressure. The container was filled with oil (between two
sections of a billet), and the weight was dropped a distance of 5 feet.
Little energy was absorbed and the mass bounced, and a peak stress of 10,000
pei in the container wall was recorded. Stresses of 2500 to 3000 psi were
recorded when the energy was absorbed (no bounce).

These observed low stresses indicated that with metal billets the con-
tainer acts more as & guide for the ram than as a pressure-restraining member.
A container of relatively thin-walled tubing with a similar telescoping used
&as the ram was thus indicated to be an effective low-weight energy absorber.

During the first few drops with the second strut, the length of the
strut was also considered. Although the design included provision for 33
inches of billet, a ram travel of only 1-1/2 inches was observed for a
S5-foot drop and L4-1/li inches for a 20-foot drop. It was thus evident that
the provision for ram travel could be greatly reduced in the final strut

design, and that the length and weight of both container and ram could be
reduced.

CONCURRENT DEVELOPMENTS
Billet Materials

Preliminary evaluation of candidate billet materials was conducted
using lead billets with the first strut design and 1100-0 aluminum billets
with the second design. The aluminum exhibited vastly superlior energy
absorption efficiency, which was computed according to the equation:

- W s 8
e mel (8)

where w 1s the weight of the load box, s is the height of the drop

X cos 5°, Ay 1s the billet cross-sectional area, p 1is the density of extru-
sion material and £ is the distance of ram travel during deceleration.

Here the volume of material utilized in the absorption process is defined

as that volume of original billet that is displaced by the die (i.e., the
cross-sectional area of the original billet times the distance traveled

by the ram during extrusion).
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For a solid lead billet with the first design shock strut (billet
0D 2.2l inches, load weight 3 pounds), the ram travel for a 5-foot drop was
2,50 inches. This is equivalent to an absorption efficiency of 76l foot-
pounds per pound. By contrast, the aluminum billet using the second design
for the same drop height (billet OD 1.59 inches, load weight 270 pounds)
resulted in ram travel of 1.875 inches, or an absorption efficiency of
7500 foot-pounds per pound. This pronounced effect of material on effi-
ciency was confirmed by additional preliminary tests.

In addition to its relative superiority in absorption efficleney,
aluminum has general advantsges in machinability, cost, and other factors.

Verification of Energy Balance

Verification of the validity of an observed deceleration profile in
the sbove tests was made by comparing the energy absorbed (measured area
under the deceleration curve) with the energy represented by the free-fall
terminal veleelty (in which frictional losses were disregarded). This com-
parison showed generally good agreement between the observed and the theo-
retical values of energy absorption.

SUMMARY

Tests with the two preliminary struts established that the decelera-
tion profile of an energy-absorbing evant could be controlled by appropriate
design of the orifice and the billet cross section. Initial work with bored-
nose and drilled-through billets suggested the feasibillty of a shock strut
capable of produeing the ldeal deceleration profile.

The developmental data provided the basis for the design of an extru-
sien energy-absorbing system offering effectiveness in meeting a varlety
of end-use requirements. Specific design features determined from these
data are summarized below.

Orifice Ring Entry Angle. - On the basis of the deceleration profile
developed and the structural requirements for orifice rings during multiple
use, a 90-degree included angle was chosen. A 60-degree angle was considered
suitaeble for single-use situations where distortion of the ring wonld be
inconsequential, or in cases where longer orifice ring throat depth might be
used.

Billet Material. - Of the materials investigated, annealed 1100-0 alumi-
num was the preferred billet material on the basis of absorption efficiency
and general workability.
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Billet Cross Section. - Tests enabled speculation that a c¢ylindrical
billet with an axial central hole extending through the entire length would
be the most effective billet shape, with control of peak and mean decelera~
tion levels being obtainable by selection of the hole diameter. Additional
control of the deceleration profile was deemed possible by varying the hole
diameter along the length of the billet.

Billet Length (Ram Travel). - In all cases observed, the ram travel
fell within the range of from 2 to L inches, and the billet length can be
adjusted ascordingly.

Contalner Wall Thickness. - Steel tubing with wall thickness in the
range of 0.20 to 0U.2b inch was selected through observation of stresses
developed during impact. Theoretiecally this thickness could be reduced
to the order of 0.06 inch and still carry the stresses developed in the
wall, but for experimental purposes a safety factor was provided.

h2




EXPERIMENTAL INVESTIGATION

The third shock strut design (Tables I and II) was based on information
developed from measurements with the preliminary struts. Consideration of
such design parameters as billet geometry, metallurgical properties of billets,
and die area ratio were undertaken, as well as studies of the effects of load
weight, drop height, impact angle, and soft contact surface.

The experiments performed with this strut are desecribed in a sequence
which illustrates the overall performance of the system. Tables V through
VII record the drop conditions and evaluation data for these experiments.

Evaluation Methods

As previously described, the performance of the shock strut was eval-
uvated by two use criteria: deceleration profile and energy absorption
efficiency. Data for all the experiments with this strut were obtained by
use of the "Piezotron" accelerometer, and energy balance was verified in a
manner analogous to that developed for the graphically derived data.

In tests with aluminum billets bored with a 5/8-inch central hole,
typical terminal velocities obtained from integrated areas under the decel-
eration oscillogram were compared with theoretical free-fall terminal ve-
locities. The areas under the oscillogram curve were determined with a
planimeter. The data are tabulated in Table VIIT.

The generally favorable correspondence between theoretical and plani-
metrically determined terminal velocities confirmed the vallidity of the
accelerometer readings. Differences between these values are attributable
to frictional effects in the drop system and to reading errors.

Comparison of the deceleration curves determined by the accelerometer
and by graphical means, shown in Figure 26, indicates certain similarities
and certain differences. For example, the duration of the energy absorp~
tion process is essentially the same for both the graphically and the accel-
erometrically determined curves. The average magnitudes of the decelera-
tion are similar, but the impact sections of the curves differ. The record
of the accelerometer shows that the true pesk deceleration leads the graph-
ically determined valuwe due to the imstantaneous response of the accelerom-
eter. Figure 27 shows the graphically-determined curve for a 5-foot drop
superimposed on the accelerometric curve.

Superimposed high-frequency vibrations evident on the oscillogram during
the entire deceleration event are probably the result of Chladni-type ringing
of drop system components; the frequency of these vibrations was approximately
2500 cps.
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Table VI
DROPS USING DIE AREA RATIO OF 1.23:1

Material: 1100-0 Aluminum

Billet Billet Drop Impact Length Energy Mode
Test ID Areg Height FEnergy Extruded Absorption Deceleration
No. (in.) (in.%) (£t) (ft-1b) (in.) (£1-1b/1b) (5)
81 Solid 1.00 5 1350 0.968 14,280 30
82 Solid 1.00 5 1350 30
83 Selid  1.00 5 1350 50
8 Selid 1.00 10 2700 1.468 18,800
95 0.6250 0.688 10 2700 1.437 21,850
96 0.6250 0.688 15 Lo50 1.906 27,800
140 0.750 0.588 10 2700 1.938 25,700
133 0.8750 0.398 10 2700 2.328 30,900 5h
139 1.00 0.215 5 1350 3.875 16,000
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Table VIII

ACCELEROMETER DATA VERIFICATION

Terminal Velocity (ft/sec)
Determined from

Drop
Drop Height Area Under Theoretical
No. (£t) Oscillogram Free-Fall
120 5 18.2 17.9
138 10 23.8 25,0
11 17.5 30.2 33.6
116 20 31.15 35.9
119 25 35.1 L0.2
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Solid Billét~ 1.128"

Material Extruded: 1100-0 Aluminum
Orifice: 90° (included)

Extrusion Ratio: 1.50

Billet Nose Configuration: Solid
Temperature During Drop: 76°F

Drop Height: § feet

A.

100

80

60

Lo

Deceleration - g

20

Accelerometric Curve

| ] 1 ] | ] | J

B.

DECELERATION PROF ILES:

3 I 5 6 7 8 9 10 11
Time - Msec

Graphically Derived Curve
Figure 26
COMPARISON OF ACQUISITION METHODS, STRUT DESIGN NO. 3
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Deceleration - g

100

N U Y
U (@) Aea 1

o

Graphically Determined

Accelerometric

b

Time - Msec

Figure 27

GRAPHICALLY DETERMINED CURVE SUPERIMPOSED ON
ACCELEROMETRIC CURVE: STRUT DESIGN NO. 3
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In certain of the profiles, a curve reversal effect was noted near on~
set; this is probably attributable to flexure of the base plate to which the
asselerometer was attashed. Thie anomaly is evident particularly in the case
of low-energy drops where the restoring foress of the base plate and of com-
ponente mechanically connsoted to the base plate may be sufflclent to cause
the accslerometer to sense a reversal of the direetion of motion.

Evaluation in terms of energy absorption efficiency was by calonlation
from impast energy and weight of extruded material for each drop, 1n the
manner deseribed in the Introduction.

Investigation of Design Effects

The performance characteristics of greatest significance were found to-
be influenssd largely by the design of the billet and die.

Billet Cross Section. - Using 1100-0O annealed aluminum billets and a
die areas ratio of 1.50:1, a serles of drops was made to establish the effects
of billet cross section on deceleration profile and energy absorption effi-
ocienoy. Experiments were performed with solid eirecular billets and with
four annnlar billet shapes, having respective inner diameters of 5/8 inmch,
3/Lh inch, 7/8 inch, and 1 inch.

Daceleration profiles and energy absorption values for 10-foot drops
with the soelid billet, the billet of 5/8-inch bore, and the billet of 1l-inch
bore are presented for comparisen in Figures 28, 29, and 30. Data from
additional drep-tests at varying heights are shown in Figures A-1 to A-6,
Appendix A.

No pronounced onset splkes are evident in the three 10-foot drop resords
shown, and no terminal splkes were evident. In the test with the solid billet,
deceleration onset was relatively sharp, whereas by contrast, the billet of
5/8-inch dore prodnced a more gradnal onset to the same g-level, This effect
can be attributed to the altered geomatry. Attention is also directed to
Figure A-7 which, although not depicting the termination of the event, shows
the onset rate of approximately 3500 g's per second.

The deceleration modes recorded for the sclid billet and the dillet of
5/8-1ingh dore were virtually identical at a 65-g level. A slightly longer
duration of the extrusion event will be noted for the bored billet. The
30-g deceleration mode shown for the billet of l-inch bore 1llustrates the
capabilities of the large-bore bdillet in reducing mode g-level.

The bored billets produced from 30 to 50 percent greater length of ex-

truded billet material, but less mass of extrudate. The energy absorption
efficiensy value was thus higher for the bored billets.
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BILLET

Material: Al 1100-0

Cross Section:

ID: O (Solid)
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

2 ms/cm Vertical Gain: .5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 65 g's Duration of Event: 12-1/2 ms

ENERGY ABSORPTTION

Drop Height: 10 ft Distance of Ram Travel: 1.408 in.

Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 19,700 ft-1b/1b

Figure 28

SHOCK STRUT PERFORMANCE
Drop No. 103
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: .5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRGFILE

Mode g-level: 65 g's Duration of Event: 13-1/2 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 1.683 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 25,700 ft-1b/1b

Figure 29

SHOCK STRUT PERFORMANCE
Drop No. 111
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BILLET

Material: Al 1100-0

Cross Section:

ID: 1 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 15 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 25 g's Duration of Event: Indeterminate ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 5.37L4 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-lb e = 28,800 ft-1b/1b

Figure 30

SHOCK STRUT PERFORMANCE
Drop No. 137
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In summary, the effects of altered geometry were shown in reduced onset
shock, longer duration of the event, and lncreased energy absorption effi-
ciency.

In the case of the 1100-0 aluminum alloy billet material, the practical
limits of billet bore-diameter were indicated by tests with the l-ineh bore.
Upon examination of the billet after impast, slight indentations indicative
of incipient buckling were noted in the unextruded portions of the billet,
furnishing visible evidence that the limits of wall strength were belng
reached with this billet design and material.

Billet Metallurgical Properties. - The majority of tests employed
annealed 1100-0 aluminum (yield strength 8500 .psi, Rockwell 20 Superficial
15-T hardness) as the billet material. Experimentation with this rela-
tively soft alloy was dictated by its observed capabilities for elimination
of onset and teminal spikes and for reducing mode g-levels. The indleca-
tions of the foregoing geometry studies, however, particularly those from
tests with large-bore billets, were projected into a further materials in-
vestigation,

Commercially available as-received 6061-T6 aluminum alley tubing
(1-1/8-inch OD, 0.058-inch wall thickness, and l-inch ID) was employed as
a billet precisely simulating the geometrical characteristies of the l-inch
billet-bore previously tested with the 1100-O alloy, but possessing differ-
ing metallurgical properties, i.e., yield strength of approximately LO,000
psi and Rockwell 81 Superficial 15-T measurement. A hollow billet of this
composition offered the observed advantages of thin-wall geometry while
possessing greater wall strength. Results of hollow billet drops at heights
of 10 and 15 feet are shown in Figures 31 and 32.

These drop tests resulted in the highest energy absorption efficlency
ratings recorded (in excess of 80,000 ft-1b/1lb), with the corresponding mode
g-levels remaining substantially below 100 g’s. These efficlencies were
several times higher than those obtainable by alternative absorption systems
/I, Z]. Although the geometrical factor must be appropriately weighed in
The Interpretation of the results, the more-than-doubled efficiency rise in
these drops was obviously attributable to the higher yield strength and
hardness of the 6061-T6 material. The relative roles of the latter factors
were lndeterminate.

In a further test, the same 6061-T6é aluminum alley tubing was solution
heat-treated to a different temper, i.e., yleld strength approximately
20,000 psi and hardness measurement of 61-65 by Rockwell Superficial 15-T
soale. A drop using this hollow billet ylelded the data presented in
Figure 33. By comparison with the as-received hollow billet results, this
test demonstrated the effect of the reduction of yield strength and hardness.
Note the lowered deceleration mode of the drop as well as the eorresponding
reduction in energy absorption efficiency.
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Sweep:

Accelerometer Sensitivity:

OSCILLOSCOPE SETTINGS

S ms/cm Vertical Gain:

DECELERATION PR(FILE

0.5 v/em

10 mv/g

Mode g-level: 58 g's

ENERGY ABSORPTION

Drop Height: 10 ft

Load Weight: 270 1b

Impact Energy: 2700 ft-1b

Figure 31

SHOCK STRUT PERFORMANCE
Drop No. 151
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BILLET

Material: Al 6061-T6

Cross Section:

ID: 1.009 in.
: 1.125 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.

Area Ratio: 1.50:1

Duration of Event: 16.5 ms

Distance of Ram Travel: 2.0 in.

e = 68,000 ft-1b/1b



BILLET

Material: Al 6061-T6

Cross Section:

ID: 1.009
W: 1.125
DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PR(FILE

Mode g-level: 61 g's Duration of Event: 16 ms

ENERGY ABSORPTION

Drop Height: 15 ft Distance of Ram Travel: 2.3750 in.
Load Weight: 270 1b

Impact Energy: LOSO ft-1b e = 86,750 f£t-1b/1db

Figure 32

SHOCK STRUT PERFCRMANCE
Drop No. 153
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BILLET

Material: Al 6061 Solution
Treated

Cross Sectlon:

ID: 1.009 in.
OD: 1.125 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PR(FILE

Mode g-level: 37 g's Duration of Event: 21 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 2.85 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 48,200 ft-1b/1b

Figure 33

SHOCK STRUT PERFORMANCE
Drop No. 158
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To investigate the effect of within-billet variation of metallurgical
properties, compound billets were designed to provide radial variation and
axial variation of metallurgical properties.

For the radially varied compound billet, a titanium* tube of 3/L-inch
OD and 0.035-inch wall thickness was inserted into an 1100-0 aluminum billet
of 3/h-inch central bore. Because of titanium's high-strength low-weight
characteristics, it was postulated that a beneficial effect on energy ab-
gsorption might result from radially compounding titanium with aluminum. The
deceleration profile obtained from a drop with this billet design is shown
in Figure 34. By comparison with drops using all-aluminum billets of simi-
lar bore, no significant effects of the alteration were recorded either for
deceleration profile or energy absorption efficiency. The titanium tubing
was found to be deformed by buckling, indicating that the tubing had con-
tributed in the absorption of total impact ensrgy.

For the axially compounded billets, cylindrical sections of 6061-TS
aluminum, heat-treated to varying hardnesses,; were sequentially assembled
in the billet position within the container. These sections were in the
form of 1/2-inch-long annular washers with a 3/L-inch central hole, per-
mitting assembly of a bored-typed billet of varying hardness. To assure
two transitions of hardness throughout the expected length of ram travel,
the sections were heat-treated to produce three grades of Rockwell Super-
ficial T-15 herdness, as follows: Two bottom segments, Rockwell 58, solu-
tion heat-treated to the T-L condition; next two segments, Rockwell 76,
partially aged at 350°F for 1 hour; upper segment, Rockwell 81, as received.
Figure 35 shows the design of the graduated annular billet.

The resultant data for a drop height of 10 feet, depicted in Figure 36,
shows no observable change in deceleration level with change of hardness
gradients of billet material. Note that the mode deceleration exceeds 100 g's.
Because of the high g-level, no further investigation of this type billet was
undertaken.

Die Area Ratio. - In the experiments with the final strut design, ori-
fices with two dle area ratios (ratio of area of die entry to area of die
exit) were employed: A die with entry 1.128 inches in diameter (entry area,
1 square inch) and with exit diameter of 0.920 inch (exit area 0.666 square
inch) effected an area ratio of 1.50:1. The exit diameter of the second
die was 1.020 inches (exit area 0.815 square inch), effecting an area ratio
of 1.23:1. The effect of die area ratio on deceleration profile and energy
absorption efficlency was investigated in drop tests employing billets of
both 1100-0 and 6061-T6 aluminum alloys.

# ASTM B 338-65, Grade 2.
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BILLET

Material: 1100-0, with 0.035"
anmular titanium insert
Cross Section:

ID: (Al) 0.750 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 65 g's Duration of Event: 12 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 1.813 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 23,500 ft-1b/1b (Ti calculated)
27,L00 ft-1b/1b (Only Al calculated)

Figure 3L

SHOCK STRUT PERFORMANCE
Drop No. 130
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2 inches

1/2 inch

L

1/2 inch

Aluminmum 1100-0
Annealed

Al 6061-TS
Rockwell 15T - 81

¥
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Al 6061-TS
Rockwell 15 T - 76
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/

'

¥
/|
1/2
¥

inch
1/2 inch
inch

Al 6061-TS
Rockwell 15T -58

Figure 35

DESIGN OF 6061-TS BILLET, AXIALLY GRADED FOR HARDNESS




BILLET

Material: Al 6061 Axial Compound

Cross Section:

ID: 0.750 in.
oD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 102 g's Duration of Event: 8 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 0.8125 in.

Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 61,150 ft-1b/1b

Figure 36

SHOCK STRUT PERFORMANCE
Drop No. 154
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Drop tests were made with a 1100-0 aluminum billet having a 5/8-inch
bore. Data obtained using an orifice ring with a die area ratio of 1.23:1
and those acquired using a die ratio of 1.50:1 are provided in Figures 37
and 38, respectively, both of which depict 10-foot drops. With the use of
these soft billets, deceleration profiles at the two ratios are not signifis
cantly different. Their mode g-levels are virtually identical at approxi-
mately 65 g's and the durations of the events are also comparable.

6061-T6 Aluminum Alloy Hollow Billets. - Further die area ratio com-
parisons were conducted using o00I-T6 aluminum alloy tubing as the billets.
Resulte of 10-foot drop tests at the two ratios are shown in Figures 39 and
LO0. Contrary to the results shown for the softer, lower-yield 1100-0 alumi-
num billet material, die area ratio exerted a significant influence on de-
celeration profile when the hard, high-yield hollow billet was employed.
The 1.23:1 ratio effected a mode g-level of 30 g's as opposed to a 58-g
level for the 1.50:1 ratio, and the duration of the event was considerably
longer in the test of the 1.23:1 orifice ring. Energy absorption efficlency
is also shown to be affected by the die area ratio, a substantially higher
absorption value being recorded for the 1.50:1 ratio.

Results of die area ratio tests under the same conditions but at 15-foot
drop heights are presented in Figures L1 and 42, with the results evidencing
consistency, in all respects discussed above, with those recorded for the
10-foot drop heights.

Effect of Drop Hei§23. - The effect of drop helght on deceleration pro-
file and energy absorption efficiency was assessed by test drops from seven
graduated heights, using billets with a 5/8-inch bore and an extrusien ratio

of 1.50:1. Profiles and data on these drops are shown in Figures 43 through
L9.

It is obvious from these data that the deceleration mode remains essen-
tially constant throughout the series, implying that the energy absorption
mechanism gives rise to constant force, independent of drop height (terminal
velocity). The duration of the event was consistently extended with each
increase in drop height, and greater heights consistently increased the
length of the billet extruded. Calculations indicate that slight energy
absorption efficiency increases also occurred with increases in drop height.

Effect of Load Weight. - To assess the effect of load weight, the
270-pound* load routlinely used was increased to provide a total load welght
of LLS pounds, or a weight increase of approximately 6L percent. A 10-foot
drop was then made using a 6061-T$ aluminum alley billet with l-inch inside
diameter. The results of this drop are shown in Figure 50. For comparison,
data from a drop at the same conditions but using a normal 270-pound load
are presented in Figure 51.

# Actual load, 27L pounds L ounces, designated 270 pounds to allow for fric-
tional losses in the system.
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BILLET

Material: Al 1100-O

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.815 sq. in.
Area Ratio: 1.23:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 65 g's Duration of Event: 15 ms

ENERGY ABS(RPTION

Drop Height: 10 ft
Load Weight: 270 1b

Impact Energy: 2700 ft-1b

Figure 37

SHOCK STRUT PERF(RMANCE
Drop No. 1h3
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 65 g's Duration of Event: 1l ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 2.97 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 25,000 ft-1b/1b

Figure 38

SHOCK STRUT PERFORMANCE
Drop No. 111

6L

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.




BILLET

Material: Al 6061-T6

Cross Section:

ID: 1.009 in.
OD: 1.125 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.815 sq. in.
Area Ratio: 1.23:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PR(FILE

Mode g-level: 30 g's Duration of Event: 28 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 3.4375 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-1lb e = 39,900 ft-1b/1b

Figure 39

SHOCK STRUT PERFORMANCE
Drop No. 150
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BILLET

Material: Al 6061-T6

Cross Section:

ID: 1.009 in.
D: 1.125 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 58 g's Duration of Event: 16.5 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 2.0 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-lb e = 68,000 ft-1b/1b

Figure 4O

SHOCK STRUT PERFORMANCE
Drop No. 151
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BILLET

Material: Al 6061-T6

Cross Section:

ID: 1.009 in.
M: 1.125 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.815 sq. in.
Area Ratio: 1.23:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 30 g's Duration of Event: 31 ms

ENERGY ABSORPTION

Drop Height: 15 ft Distance of Ram Travel: L.50 in.
Load Weight: 270 1b

Impact Energy: LOS0 ft-1b e = 45,750 ft-1b/1b

Figure 4l

SHOCK STRUT PERFORMANCE
Drop No. 152
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BILLET
Material: Al 6061-Té

Cross Section:

ID: 1.009
D: 1l.125

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 =sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 61 g's Duration of Event: 16 ms

ENERGY ABSORPTION

Drop Height: 15 ft Distance of Ram Travel: 2.375 in.
Load Weight: 270 1b

Impact Energy: LOS0 ft-1b e = 86,750 ft-1b/1b

Figure L2

SHOCK STRUT PERFORMANCE
Drop No. 153
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
D: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 50 g's  Duration of Event: 11 ms

ENERGY ABSORPTION

Drop Height: 65 ft Distance of Ram Travel: 1.0 in.
Load Weight: 270 1b

Impact Energy: 1350 ft-1b e = 21,000 ft-1b/1b

Figure 43

SHOCK STRUT PERFORMANCE
Drop No. 110

69



BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.566 sq. in.
Area Ratio: 1.50:1

O0SCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 65 g's Duration of Event: 13-1/2 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 2.97 in.

Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 25,000 ft-1b/lb

Figure Lk

SHOCK STRUT PERFORMANCE
Drop No. 111
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 65 g's Duration of Event: 15 ms

ENERGY ABSORPTION

Drop Height: 15 ft Distance of Ram Travel: 2.1875 in.
Load Weight: 270 1b

Impact Energy: LOS0 ft-1b e = 28,000 ft-1b/1b

Figure L5

SHOCK STRUT PERFORMANCE
Drop No. 113
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 65 g's Duration of Event: 16 ms

ENERGY ABSORPTION

Drop Height: 17.5 ft Distance of Ram Travel: 2.5625 in.

Load Weight: 270 1b

Impact Energy: L4725 ft-1b e = 28,700 ft-1b/1b

Figure L6

SHOCK STRUT PERFORMANCE
Drop No. 11L
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE
Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1
OSCILLOSCOPE SETTINGS
Sweep: 2 ms/cm Vertical Gain: 0.5 v/em
Accelerometer Sensitivity: 10 mv/g
DECELERATION PROFILE
Mode g-level: 65 g's  Duration of Event: 17 ms
ENERGY ABSORPTION
Drop Height: 20 ft Distance of Ram Travel: 2.781 in.

Load Weight: 270 1b

Impact Energy: 5400 ft-1b e = 29,500 ft-1b/1b

Figure L7

SHOCK STRUT PERFORMANCE
Drop No. 116
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 65 g's Duration of Event: 17 ms

ENERGY ABSORPTION

Drop Height: 22.5 ft Distance of Ram Travel: 2.9675 in.
Load Weight: 270 1b

Impact Energy: 6075 ft-1b e = 33,000 ft-1b/1b

Figure 48

SHOCK STRUT PERFORMANCE
Drop No. 117
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
®M: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 65 g's  Duration of Event: 18 ms

ENERGY ABSORPTION

Drop Height: 25 ft Distance of Ram Travel: 3.1875 in.
Load Weight: 270 1b

Impact Energy: 6750 ft-1b e = 31,400 ft-1b/1b

Figure L9

SHOCK STRUT PERFORMANCE
Drop No. 119
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BILLET

Material: Al 6061-T6

Cross Section:

ID: 1.009 in.
: 10125 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm (Negative Polarity)

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 39.5 g's Duration of Event: 23 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 3.25 in.
Load Weight: LL5 1b

Impact Energy: LLSO ft-1b e = 70,250 f£t-1b/1b

Figure 50

SHOCK STRUT PERFORMANCE
Drop No. 163
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BILLET

Material: Al 6061-T6

Cross Section:

ID: 1.009 in.
OD: 1.125 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCOFILE

Mode g-level: 58 g's Duration of Event: 16.5 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 2.0 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 68,000 ft-1b/1b

Figure 51

SHOCK STRUT PERFORMANCE
Drop No. 151
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The distance of ram travel for the heavier load exceeded that for the
lighter load by approximately 62 percent, and a 39 percent longer duration
of the event was recorded. A comparison of the deceleration profiles indi-
cates that the heavier weight reduced the mode by approximately 31 percent.
This effect is analytically predictable from considerations of the physical
significance of the deceleration profile. The area under the profile is
equatable to the terminal velocity of the load. Since terminal velocity
from a given drop height is independent of magnitude of load, the area under
the profile (or terminal velocity) must remain constant, regardless of load.
As observed, the duration of the deceleration event (and the length of ram
travel) increased with increase in load. Thus the mode g-levels for the
longer duration events must be lower than those of shorter duration events
to produce equivalsnt profile areas.

In the cases illustrated, planimetric measurements of the areas under
the profiles indicated a terminal velocity of 25.5 ft/sec for Figure 50
and 26.0 ft/sec for Figure 51. These values are within the limits of ex-
perimental and reading error with respect to each other and to the free-
fall velocity from 10 feet of 25.) feet per second.

It was also observed that the velocity of load descent after impact
(L.e. extrusion velocity) increased with increase in load. For the 270-
pound load (Figure 51) this extrusion velocity was 0.125 inch per milli-
second, while for the LL5-pound load the extrusion velocity increased
approximately 13 percent to 0.1L41 inch per millisecond. The decrease of
extrusion force (mode g-level) with inerease in load (and increase in extru-
sion velocity) may be attributable to the fact that recovery from work
hardening is a rate process®. Thus, the extrusion velocity may influence
the yleld strength to in turn influence extrusion force.

Oblique Impact. - Shock strut performance during oblique impact was
evaluated by dropping the apparatus onto a contact plate set at an angle of -
approximately 13 degrees from the perpendicular to the line of descent.
Severe bending of the shock strut assembly resulted from the drop, as shown
in Figure 52. Extrusion was negligible, and absorption by deformation bend-
ing occurred. It thus appears that for the shock strut to function as an

inverse extrusion system, perpendicular delivery of impact force is essen-
tial.

Soft Contact Surface. - The effect of soft contact surface was eval-
uated by dropping the strut into i inches of moist sand. The resultant
deceleration profile is shown in Figure 53. The deceleration mode level
of 65 g's is the same as that observed for impacts of the same system on
hard surfaces, and the duration of the event also was not significantly
changed.

# Pearson and Parkins, op. cit. /27
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Figure 52

BENDING OF SHOCK STRUT AS RESULT (F OBLIQUE IMPACT TEST
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 65 g's Duration of Event: 15 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 1.603 in.

Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 2,400 ft-1b/1b

Figure 53

SHOCK STRUT PERFORMANCE
Drop No. 138
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System Design Considerations

Performanee data from experiments with the third-design strut permitted
further evaluations of overall shock strut design.

Evaluation of Extrusion Facter. - The mode deceleration level developed
on impact was 1ndicated through these experiments to be a function of extru-
sion system design and load, independent of terminal velocity. Representa-
tive values of the factor wers calculated for eonstant load by the following
equations:

. F - F . _F
P =¥ fn Ay, 8500 x L x 4050  3LLO

where Y = 8500 psi

_ 270 1b
" Te

A = 1.00 in.?

Ap = .663 in.2

A /By = 1.8

gn = Ay/A, = 0.4050.

The following table indicates variation of extrusion factor with varia-
tion in billet bore diameter.

Table IX

EXTRUSION FACTOR VARIATION WITH BILLET GECGMETRY
Al/A2 = 1.50
1100-0 Aluminum
Load Weight: 270 1bs

Average Extrusion

Test Billet Mode Force Factor,
No. Description Deceleration (ma) ]
113 5/8-inch bore 65 17,550 5.12
129 7/8«inch bore 50 13,500 3.92
137 l-ineh bore 25 6,750 1.96
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The variations noted in the value of ¢ negates the possibility of
deriving an extrusion factor which is universally applicable in the design
of struts to meet varied use conditions.

Length of Ram Travel. - In designing a shock strut to meet particular
landing requirements, the deceleration profile will be controlled most di-
rectly by billet cross-sectional shape and billet metallurgical properties;
thus for a specified billet configuration and material condition, the dis- -
tance of ram travel will be determined by impact energy. The length of
billet required under any epecified set of conditions may be predicted by
equating the impact energy to the work performed by the ram travel, as
follows:

FL = E
(ma) = mg s (8)

Using data from the test drops it was found that the actual length, ¢,
is generally in good.agreement with this equation. For example, in employ-
ing the 6061-T6 holiowibillet with the 1.50:1 die, a 270-pound load, and at
a 15-foot drop height (Figure 32), the mode deceleration is approximately
65 g's and the theoretical length of ram travel £ is:

15 ft x 270 1b

L= TREEeE e 0.23 £t or 2.77 in.

The actual observed ram travel was 2.38 inches. The small difference
between theoretical and observed ram travel may be attributable to frietional
losses and to absorption of energy during onset and during terminal portions
of the deceleration event while the deceleration level was changing with
time.

Container Thickness. - Since billet metallurgical properties and cross-
sectional geometry participate in the control of deceleration levels and
consequently the forces developed in the system, the minimum thickness of
the billet contalner also becomes a function of the billet.

A drop of a 270-pound load from 20 feet with a strut incorporating a
1100-0 aluminum billet of 3/L-inch bore produced a measured hoop (circum-
ferential) strain of 0.001 inch. The correspondigg observed stress is then
29,000 psi, assuming a Young's modulus of 29 x 10° psi for the L3LO steel.
The minimum container-wall thickness needed to carry the stress developed
in the conteilner wall may be calculated as follows:

(1) The equivalent internal pressure is determined using a thick-
walled oylinder formula, since the dimensions of the present container
(wall-thickness, 0.181, 0D, 1.132) place it in that category. Thus the
equivalent pressure/)/,

L Roark, Raymond J., Formulas for Stress and Strain, McGraw Hill, Inc.,
New York, 195k.
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2 2

r, (r22 +ry ) %)
p =7 9
r? (rp% + )

where o = observed hoop stress (29,000 psi)
r; = inner radius of billet container (0.565 in.)
rp, = ounter radius of billet container (0.753 in.)

In the case at hand, p = 23,100 psi.

(2) This equivalent internal pressure may then be used in a thin-
walled cylinder formula to determine the minimum wall thickness capable
of earrying the pressure. Assuming that the steel used has an ultlmate
tensile strength UTS = 225,000 psi (as is attainable with hBhO steel),
the minimum wall thickness t is

uTs

or, in the case at hand, t = 0.06h ineh.

System Wbight. - From the two foregoing considerations, i.e., length of
ram travel an t container thicknees, the minimum shock strut system-

weight per length of billet required can be determined.

For effective performance (to prevent cocking of the ram in the con~
tainer, and to prevent bottoming of the ram) the contalner length should
be approximately LO percent greater than that of the billet; the length
of the ram should be about 10 percent greater than that of the billet.#

Thus, the shoeck strut weight per length of billet required is

W= A(py Ay) *+ 140 Lo, Ap) + 1.10 L(pshs)

where ¢ = length of blllet required
Py = density of billet materlal
Py = density of contalner materilal
Py = density of ram materisl

Al = eross-sectional area of billet
Ay = cross-sectional area of container
A3 = cross-sectional area of ram

# In one-time-use situations, the ram end cap would not be required, and it
is assumed that the adapter ring (or its equivalent) may be fabricated di-
rectly as a part of the body of the load-vehicle structure.
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A probable case, using a 6061-T6 aluminum hollow billet (l-inch ID,
0.058-inch wall thickness) in a L340 steel container (1.130-inch ID, 0.060-
ineh wall thickness) with & L340 steel ram (1.125-inch OD and 0.095-inch
wall thickness), would be stated

w = (0.0975 x 0.2020) + 1.40 £(0.2853 x 0.110) + 1.10 £0.2853 x 0.165)

£(0.0197 + 0.0438 + 0.0518) = £(0.1153) pounds.

Thus, in this case, the weight of the shock strut system per inch of
billet required is 0.1153 pounds.
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SUMMARY AND DISCUSSION

Constant Force

The inverse extrusion process was selected for investigation because it
theoretically offered a system conecept for energy absorption at constant
force levels. Experimental work conducted during the program substantiated
this theoretical position. Within the range of loads and drop heights tested,
impact energy was absorbed under essentially constant force conditions, as
indicated by the essentially constant mode deceleration levels achieved
throughout each event. The maximum g-level developed on impact was observed
to be independent of impact velocity and to vary inversely with magnitude of
the dropping load. Process control through strut design and through load
distribution was thus indicated.

Major Design Effects

The major control for both deceleration and absorption performance of
the system was found to reside in the physical and geometrical character-
isties of the billet. Die characteristics were also found to affect per-
formance to an extent varying with variation in billet composition and
geometry.

Effects on Deceleration Profile. ~ Billet cross-section was observed
to exert primary control over deceleration profile, in particular, over de-
celeration onset rate and deceleration mode level. The mode or "platean"
deceleration level was varied from a maximum of approximately 65 g's to a
minimum approaching 20 g's as the billet cross-sectional configuration was
varied from solid circular to thin-walled amnular. Deceleration onset
rate decreased in a similar manner, generally becoming more gradual with
the thinner-wall anmular sections. Minimum onset rates of approximately
3500 g/sec were observed.

Billet metallurgical properties, especially hardness, were also found
to affect the profile and particularly the deceleration onset rate.

Effects on Energy Absorption Efficiency. - Energy absorption effieciency
was found to be influenced predominantly by billet metallurgical properties
(hardness and yield strength), which, in experiments employing 6061-T6
aluminum alloy tubing as the billet, were proven more significant to ab-
sorption efficiency than either die area ratio or billet geometric factors.
In these experiments, energy absorption efficiencies substantially in excess
of 60,000 foot-pounds per pound (based upon weight of billet expended only)
were readily attained, appearing to exceed by factors of two or more the
efficiencies of the best-known alternative systems.
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Design for Use

Inasmuch a3 the two performance criteria--deceleration mode level and
energy absorption efficiency--must be selected or "traded off' in individual
use situations, this experimental work provides empirical data suitable for
use in the design of shock struts to meet particular end-use requirements.

Billet-Material Selection. - Billet materisl selection is governed by
consideratIons of weight, yield strength, and hardness. Aluminum alloys
were found to adequately meet the requirements for light weight and reasonably
high yleld strength. The particuler alloy and temper selected for a glven
use will depend upon the deceleration profile mode level and energy absorp-
tion effielency desired. In general, high absorption efficiencies may be
attained by using harder material, but at the expense of higher deceleration
levels.

Strut Design. - The design of a shock strut to meet perticular use re-
quirements can be accomplished if the weight and terminal veloeity of the
landing vehiele are known and if the desired characteristics of the decel-
eration profile are determinable,

The third experimental shock strut design of this program, utilizing a
thin-wall billet (OD 1.128 inches, ID 1 inch) is light-weight and versatile
and may be considered a reference system. The graphs shown in Figures 5L
and 55 are derived therefrom and may be applied in designing a shock strut
for particular use. It should be noted that additional data and additional
graphs may be needed for impact of loads other than those used herein; how-
ever, the method employed would be similar.

For example, if a deceleration mode of 50 g's may be tolerated (e.g.
for instrument landing) and a strut is required to absorb energy from the
impact of & LOO-pound load landing at a veloeity of 4O feet per second
(kinetic energy at impact of approximately 10,000 foot-pounds). Figure 5L
may be used to determine the billet temper needed to produce the 50-g de-
celeration mode at the desired weight.* This graph indicates that the
1.50:1 die area ratio system may be used with billets of any temper and
be within the acceptable g-level.

The energy absorption efficiency associated with the selected system
may be ocbtained from Figure 55 or from extrapolation thereof. The billet-
length determination necessary to complete the strut design may be derived
from the work energy equation. For example, since the exact mode g-level
to be developed for a 40O-pound load is not determinsble directly from
Figure 54, the level at LLS5 pounds may be used. This level will be a con-
servative estimate for purposes of ecomputing length of ram travel, since

# This graph includes date for the 1.50:1 die area system only; additional

data at varying load welghts may be compiled to develop similar graphs
for 1.23:1 or other systems.
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Energy Absorption Efficiency - f£t-1b/1b x 103
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Figure 55

ENERGY ABSORPTION EFFICIENCY AS A FUNCTION OF IMPACT ENERGY
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the heavier load is associated with lower g-level, and hence longer ram
travel. Thus, using LO g's as the estimated deceleration mode, the length
of ram travel is found to be:

10,000 ft-1b
l = (‘E}ls x ho) lb = 6-8 inchGSO

Limitations of Shock Strut Concept

- The most significant limitation of the shock strut design concept is
that, in its current form, it requires essentially perpendicular impaet for
proper functioning. It is possible, however, that susceptibility to damage
upon oblique landing may be reduced by proper support mechanism (e.g.,
spherical sections as contact members), in order to provide essentially
axial load delivery to the shock strut.

The data acquired in this work has not established lower limits on
peek deeceleration g-loading. If lower peak levels are desired, they
should be attainable by additional variations of billet hardness, die
entry angle, die extrusion ratio, and/or load weight.

89



CONCLUSTIONS

The inverse extrusion process was demonstrated to be effective in ab-~
sorption of impact energy, with essentially constant force levels de-
veloped during absorption.

Aluminum was found to be a satisfactory material for use in shock strut
billets. The particular alloy and temper required will vary with end-
use objectives.

Deceleration profile is influenced most significantly by geometric and
physical propertles of the billets. Thin-walled annular cross-sectional
shapes were found to be most effective with regard to peak deceleration
and energy absorption efficiencies developed.

Small diameter components (billet diameter 1.125 inch) were found to be
adequate in absorbing impact energies up to at least 6500 foot-pounds.
Component length requirement was determined to vary directly with impact
energy and with the characteristies of the billet and the extrusion
ring.

Using 6061 aluminum alloy thin-wall billets, pesk deceleration levels
within the range of 25 to 65 g's were obtained with variation of temper
from T-6 to solution-treated, and with variation of load from 270 pounds
to Li5 pounds. The associated energy absorption efficiencies ranged
upward from 60,000 to over 80,000 foot-pounds per pound, caleculated on
the basis of weight of billet expended only. These efficiencies appear
to be significantly higher than those of alternative energy absorption
systems, considering weight of energy absorptive materials only.

Design of shock struts for specific end-use requirements may be accom-
plished using empirical data to determine component cross-sectional
shape and metallurgical properties, and the conservation of energy
equation to determine component lengths.
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APPENDIX A

ADDITIONAL SHOCK STRUT PERFORMANCE DATA
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BILLET

Material: Al 1100-0

Cross Section:

ID: O (Solid)
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.

Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 65 g's Duration of Event: 11 ms

ENERGY ABSORPTION

Drop Height: 5 ft Distance of Ram Travel: 0.813 in.

Load Weight: 270 1b

Impact Energy: 1350 ft-1b e = 18,000 ft-1b/1b

Figure A-1

SHOCK STRUT PERFORMANCE
Drop No. 97
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BILLET

Material: Al 1100-0

Cross Section:

ID: O (Solid)
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 60 g's  Duration of Event: 12-1/2 ms

ENERGY ABSORPTION

Drop Height: 10 ft Distance of Ram Travel: 1.287 in.
Load Weight: 270 1b

Impact Energy: 2700 ft-1b e = 23,400 ft-1b/1b

Figure A-2

SHOCK STRUT PERFORMANCE
Drop No. 102
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BILLET

Material: Al 1100-0

Cross Sections

ID: 0.750 in.
D: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRGFILE

Mode g-level: 50 g's Duration of Event: 16 ms

ENERGY ABSORPTION

Drop Height: 5 ft Distance of Ram Travel: 1.4375 in.
Load Weight: 270 1b

Impact Energy: 1350 ft-lb e = 18,000 ft-1b/1b

Figure A-3

SHOCK STRUT PERFORMANCE
Drop No. 120
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
D: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm

Accelerameter Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 65 g's Duration of Event: 18 ms

ENERGY ABSORPTION

Drop Height: 20 ft Distance of Ram Travel: 2.531 in,

Load Weight: 270 1b

Impact Energy: 5L00 ft-1b e = 33,300 ft-1b/1b

Figure A-L

SHOCK STRUT PERFCRMANCE
Drop No. 115
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.625 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 8q. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRCFILE

Mode g-level: 65 g's Duration of Event: 17 ms

ENERGY ABSORPTION

Drop Height: 20 ft
Load Weight: 270 1b

Impact Energy: 5L00 ft-1b e = 29,500 ft-1b/1b

Figure A-5

SHOCK STRUT PERFORMANCE
Drop No. 116
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.875 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm

Accelerometer Sensitivity: 10 mv/g

DECELERATION PROFILE

Mode g-level: 55 g's Duration of Event: Indeterminate ms

ENERGY ABSORPTION

Drop Height: 15 ft Distance of Ram Travel: 3-3/8 in.
Load Weight: 270 1lb

Impact Energy: 3050 ft-1b

Figure A-6

SHOCK STRUT PERFORMANCE
Drop No. 135
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BILLET

Material: Al 1100-0

Cross Section:

ID: 0.875 in.
OD: 1.128 in.

DIE

Entry Area: 1 sq. in.
Exit Area: 0.666 sq. in.
Area Ratio: 1.50:1

OSCILLOSCOPE SETTINGS

Sweep: 2 ms/cm Vertical Gain: 0.5 v/em

Accelerometer Sensitivity: 10 mv/g

DECELERATION PRGFILE

Mode g-level: 50 g's Duration of Event: Indeterminate ms

ENERGY ABSORPTION

Drop Height: 10 ft

Load Weight: 270 1b

Figure A-7

SHOCK STRUT PERF ORMANCE
Drop No. 129
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